In the yeast Hansenula polymorpha peroxisomes are selectively degraded upon a shift of cells from methanol to glucose-containing media. We identified the H. polymorpha TUP1 gene by functional complementation of the peroxisome degradation deficient mutant pdd2-4. Tup1 proteins function in transcriptional repression of specific sets of genes involved in various cellular processes. Our combined data indicate that H. polymorpha TUP1 is involved in regulation of the switch between peroxisome biogenesis and selective degradation. The initial DNA fragment that complemented H. polymorpha pdd2-4 contained a second gene, encoding H. polymorpha Vps4p. Deletion of the VPS4 gene did not affect selective peroxisome degradation.
Introduction
Peroxisomes are membrane-bound organelles that harbour enzymes involved in a wide range of metabolic pathways. In the yeast Hansenula polymorpha these organelles are massively induced during growth of cells on methanol and are crucial to support growth since they contain the key enzymes of methanol metabolism: alcohol oxidase (AO), dihydroxyacetone synthase (DHAS) and catalase (CAT). Upon a shift of methanolgrown cells into fresh glucose-containing media these organelles become redundant for growth and are rapidly and selectively degraded. We have isolated various H. polymorpha mutants defective in selective peroxisome degradation (pdd mutants [1] ) and identified the first H. polymorpha PDD genes [2, 3] .
Here we report the cloning of the H. polymorpha PDD2 gene, which encodes a protein similar to yeast Tup1 proteins. Tup1 proteins are involved in transcriptional repression of distinct sets of genes that play a role in various cellular processes like glucose repression, mating type regulation, flocculation and bud-hypha transition [4] [5] [6] .
Our data suggest that H. polymorpha Tup1p is involved in the repression of specific genes upon induction of selective peroxisome degradation, which are necessary to allow selective peroxisome degradation to proceed.
Materials and methods

Micro-organisms and growth conditions
Hansenula polymorpha cells were grown at 37°C in minimal media containing 0.67% yeast nitrogen base (DIFCO) supplemented with 1% glucose (YND) or 0.5% methanol (YNM), or mineral media (MM [7] ) supplemented with 0.5% glucose or 0.5% methanol. The following strains have been used: (i) NCYC 495 leu1.1 ura3 [8] , (ii) the original pdd2-4 mutant [1] , (iii) the TUP1 deletion strain (tup1; this study) and (iv) the VPS4 deletion strain (vps4; this study).
DNA techniques
The primers used in this study are listed in Table 1 . DNA manipulations were carried out according to established techniques [9] [10] [11] . DNA sequencing was performed at BaseClear (Leiden, The Netherlands) using a LiCor automated DNA-sequencer and dye primer chemistry (LiCor, Lincoln, NB). For DNA sequence analysis, the Clone Manager 5 program (Scientific and Educational Software, Durham, USA) was used. The BLASTP algorithm [12] was used to screen databases at the National Center for Biotechnology Information (Bethesda, MD). The ClustalX program was used to align protein sequences [13] .
Hansenula polymorpha pdd2-4 cells were transformed with a H. polymorpha genomic library [14] ; prototrophic transformants were screened for their ability to degrade peroxisomes using the AO activity plate assay [1] . The smallest complementing plasmid, pPDD2-30, contained a 6.5-kb insert that was sequenced. The nucleotide region of the complementing region (4.1 kb) was deposited at GenBank (Accession No. AY383553).
To identify the mutation in pdd2-4, the corresponding DNA region was amplified by PCR using Pwo polymerase and primers PDD2-S and PDD2-AS (Table 1) . Two independent PCR products were digested with XbaI and XhoI and cloned into XbaI/ SalI-digested pYT3 prior to sequencing.
Gene disruptions
A H. polymorpha TUP1 deletion strain (tup1) was constructed as follows. First, DNA fragments comprising two regions of the TUP1 gene (corresponding to nucleotides 1818-2601 and 3484-4147 in GenBank Accession No. AY383553) were obtained by PCR using pPDD2-30 as template and primers TUP1-4 + TUP1-3 and TUP1-2 + TUP1-1 ( Table 1 ). The corresponding PCR products were digested with ClaI/PstI and BglII/ NotI and cloned, respectively, upstream and downstream the H. polymorpha URA3 gene present in the pBSK-URA3 vector [15] , generating plasmid pBSK-URA3-Tup1. The 2.4-kb DraI/DrdI fragment from the pBSK-URA3-Tup1 plasmid was transformed into H. polymorpha NCYC495 leu1.1 ura3.
For construction of a H. polymorpha VPS4 deletion strain (vps4), DNA fragments comprising two regions of Table 1 Primers used in this study Name Sequence
the VPS4 gene (corresponding to nucleotides 75-656 and 1004-1515 in GenBank Accession No. AY383553) were obtained by PCR using pPDD2-30 as template and the primers VPS4-2 + VPS4-1 and VPS4-3 + VPS4-4 ( Table 1 ). The resulting PCR products were digested with NotI/BamHI and PstI/ClaI, respectively and cloned downstream and upstream the H. polymorpha URA3 gene present in the pBSK-URA3 vector, giving rise to plasmid pBSK-URA3-Vps4. The 2.2-kb DrdI/AatII fragment from plasmid pBSK-URA3-Vps4 was transformed into H. polymorpha NCYC495 leu1.1 ura3. Of both above mutants uracil prototrophic colonies were selected and correct insertion was confirmed by Southern-blot analysis.
Biochemical methods
The presence of carboxypeptidase (CPY) protein in culture media was determined as described previously [16] . Preparation of crude extracts, SDS-PAGE and Western-blot analyses were performed by established procedures.
Morphological analysis
Intact cells were prepared for electron microscopy as detailed before [17] .
Results
Functional complementation of Hansenula polymorpha pdd2-4
To clone the gene that is affected in H. polymorpha pdd2-4, cells of this strain were transformed using a H. polymorpha genomic library. Three colonies were obtained that showed a decrease in AO activity upon replica-plating cells from methanol to glucose-containing agar plates, a property that is indicative for normal peroxisome degradation. The complementing plasmids of the strains were rescued in Escherichia coli and reintroduced into pdd2-4 cells. All three plasmids appeared to be able to complement the defect in peroxisome degradation of the H. polymorpha pdd2-4 mutant strain, based on the AO activity plate assay (data not shown). Restriction analysis revealed that these plasmids contained overlapping inserts ranging in size from 6.5 to 20 kb. Sequencing of the smallest insert (pPDD2-30) revealed the presence of two ORFs ( Fig. 1(a) ). The first ORF encodes a protein of 439 amino acids that shared homology to Vps4 proteins of various organisms (73% identity to Vps4p of Saccharomyces cerevisiae and 59% identity to H. sapiens Vps4-Bp; see Fig. 1(b) ). We designated the gene HpVPS 4 and its translation product HpVps4p.
The second ORF encodes a protein of 602 amino acids that was 55% identical to Tup1p of Candida albicans and 46% identical to S. cerevisiae Tup1p. Tup1 proteins are characterised by seven WD40 repeats in the carboxyterminal domain (Fig. 1(c) ). We designated this ORF HpTUP1 and the corresponding protein HpTup1p.
A subclone containing the XbaI-XhoI fragment of the pPDD2-30 insert was constructed. This plasmid enables the expression of only HpTUP1. Upon transformation of this plasmid to pdd2-4 cells, AO activity plate assays indicated that the expression of HpTUP1 gene alone was sufficient to complement the deficiency in peroxisome degradation of this strain. This was confirmed biochemically, using cells grown in liquid cultures. Western-blot analysis of crude extracts, prepared of H. polymorpha pdd2-4 cells transformed with pYT3-TUP1, revealed that the AO protein levels gradually decreased after exposure of methanol-grown to glucose excess conditions (Fig. 2) . A similar pattern was observed in WT control cells, while in cells of the pdd2-4 strain transformed with the empty plasmid (pYT3) AO protein levels remained virtually unaffected.
In order to analyse the mutation in HpTUP1 that caused the peroxisome degradation-deficient phenotype of the pdd2-4 strain, a genomic DNA fragment containing the TUP1 gene was amplified by PCR and sequenced. Analysis of two independent PCR products revealed a point mutation (cytosine to thymine) at base pair +577. This mutation results in a truncated protein as it turns a glutamine codon into a stop codon ( Fig. 1(c) ).
Characterisation of the H. polymorpha tup1 and vps4 strains
A H. polymorpha TUP1 deletion strain (tup1) was constructed by replacing 882 bp from the TUP1 ORF (corresponding to amino acids 127 to 421) by the H. polymorpha URA3 gene ( Fig. 1(a) ). The tup1 strain grew normally on glucose, glycerol and methanol (not shown). Upon a shift of methanol-grown tup1 cells to glucose excess conditions, the levels of AO did not significantly decrease (Fig. 2) . Morphological analysis revealed that, like in cells of the original pdd2-4 mutant, peroxisomes were not degraded. Occasionally, partially sequestered peroxisomes were observed. However, fusion of sequestered peroxisomes with vacuoles, an event that precedes uptake of the organelle for proteolytic degradation, was not observed (Fig. 3) .
VPS gene products may play an essential role in selective peroxisome degradation as well [3] . To confirm that HpTUP1 represents the sole complementing activity on the original complementing plasmid, we analysed peroxisome degradation in a constructed H. polymorphaVPS4 deletion strain (vps4) as well. The vps4 strain grew normally on glucose, glycerol and methanol (not shown). Western-blot analysis indicated that in methanol-grown vps4 cells exposed to excess glucose, the AO protein levels gradually decreased at rates comparable to the AO decrease in WT control cells (Fig. 2) , indicating that peroxisome degradation is not significantly affected in vps4.
In Saccharomyces cerevisiae vps4 mutants the vacuolar enzyme carboxypeptidase Y (CPY) is mistargeted and secreted into the growth medium [18] . We observed that in a constructed H. polymorpha vps4 deletion strain CPY is secreted as well, confirming its Vps phenotype. As expected, CPY protein was not detectable in media of WT and pdd2-4 cultures (Fig. 4) .
Discussion
This paper describes the isolation of the gene that functionally complements the H. polymorpha pdd2-4 mutant. H. polymorpha pdd2-4 has been described to be defective in selective peroxisome degradation [1] , but not in N-starvation-induced non-selective autophagy (microautophagy) [19] . The initial complementing DNA fragment contained two ORFs that showed homology to bakers yeast VPS4 and TUP1 and were designated HpVPS4 and HpTUP1.
Complementation analysis revealed that the defect in selective peroxisome degradation in H. polymorpha pdd2-4 was solely due to a mutation (cytosine to thymine at position 577) in the HpTUP1 gene. In S. cerevisiae, Tup1p is involved in repression of transcription of several sets of genes. These vary from genes involved in glucose repression, mating-type regulated genes, osmostress-inducible genes to sporulation-related genes [4] . Also in Candida albicans TUP1 is important for the regulation of a variety of genes, including those involved in bud-hypha transition and virulence [5] . In the pathogenic fungus Penicillium marneffei the Tup1p homologue TupA coordinates cell fate by promoting filamentation and repressing both spore and yeast morphogenetic programmes [6] . Apparently, Tup1p's function is regulating switches from one state to another (e.g., glucose induction/repression, mating type a/a, yeast/filamentous growth). Tup1p is shown to be recruited to specific sets of promoters through interaction with specific DNA-binding proteins for each functionally related set of genes. It has been suggested that Tup1p mediates repression by interfering with chromatin structure [20] and interaction with the basal transcription machinery [21] .
How HpTup1p exactly functions in selective peroxisome degradation is still speculative. Most likely HpTup1p is directly involved in repression of specific genes, which allow selective peroxisome degradation to proceed. Hence, selective peroxisome degradation can be added to the list of cellular processes that are controlled via Tup1 proteins. The alternative explanation, namely that the block in selective peroxisome degradation in H. polymorpha tup1 cells is solely an indirect effect due to a defect in glucose repression is unlikely. This view is consistent with the finding that H. polymorpha pdd2-4 mutant cells are also impaired in ethanolinduced peroxisome degradation [1] . Moreover, a H. polymorpha regulatory mutant has been described that is blocked in glucose repression, but is still capable to degrade peroxisomes [22] . Hence, peroxisome degrada- Based on earlier findings that Vps proteins may affect selective peroxisome degradation we also cloned the HpVSP4 gene and showed that this gene, as expected, is involved in vacuolar protein sorting as indicated by the missorting of vacuolar carboxypeptidase Y (CPY) in a constructed H. polymorpha VPS4 deletion strain, but not in selective peroxisome degradation. Vps4p proteins are AAA-type ATPases and act in a common step required for transport of various proteins out of an endosomal compartment. Most likely vacuolar proteins like CPY are transported from the Golgi apparatus to this compartment, prior to trafficking to the vacuole. It has been shown that in the absence of Vps4p vacuolar, endocytic and Golgi marker, proteins accumulate in this compartment, which in S. cerevisiae vps4 cells form aberrant multilammelar structures (designated the class E-compartment) [18] . Since HpVps4p is not involved in selective peroxisome degradation, the endosome may not play an important role in the selective peroxisome degradation machinery.
